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Abstract 
Cryogenic machining of porous tungsten is an effective method to achieve as-machined porous surfaces.  Dispenser cathodes, 
which are high performance electron emitting devices, rely on the (surface) porosity of porous tungsten for their functionality. 
Conventional (dry, flood, MQL) machining results in unwanted smearing of surface pores and requires the use of a plastic infiltrant 
to stabilize pores during machining.  Previous studies have shown the ability of PCD tools to achieve controlled micro-fracture 
which occurs only at low cutting speeds (vc~10-20 m/min) along with cryogenic cooling. This study investigates the influence of 
cryogenic pre-cooling time and depth of cut on the attainable surface morphology of porous tungsten.  Negative rake cermet tool 
inserts were used to demonstrate the ability of non-diamond tools to achieve similar results.  Three cryogenic pre-cooling times (60, 
120 and 180s) are compared to establish their relative effectiveness in enabling the infiltrant-free cryogenic machining of porous 
tungsten with the objective of achieving maximum surface porosity.  It is found that increased pre-cooling time increases the as-
machined surface porosity and significantly alters the deformation mechanism during machining. Lastly, a qualitative relationship 
between the chips generated during the cryogenic machining and as-machined surface porosity is laid out. 
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1. Introduction 
 
     Porous tungsten is a difficult-to-machine material 
most commonly used in the manufacture of dispenser 
cathodes [1].  Unlike conventional dense metals, 
porous tungsten features evenly distributed pores that 
tend to smear shut during machining.  Dispenser 
cathodes require a large degree of surface porosity, 
with an industry standard of 30 pores per 10000 m2 
(standard) area [2].  Below a density of approximately 
82%, porous tungsten features an interconnected 
network of ligaments [3].  The inherent surface 
porosity per standard area is approximately 180 pores 
[4].  These pores range in size between 1-5 m, while 
the average ligament size measures 3-7 m. The 
material is prepared by a sintering process, during 
which fine powder of tungsten particles is fused 
together at high temperatures and pressures, 
conforming to the shape of a mold [3].  The as-
sintered material has relatively low dimensional 
accuracy and needs to be machined in order to obtain 
the required geometry.  Because conventional (dry, 
flood, MQL) machining is unable to produce a porous 
surface, each as-sintered piece of porous tungsten is 
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infiltrated with a polymer that stabilizes the pores 
during machining, and thus prevents the smearing of 
pores [1].  The infiltrant needs to be baked out 
following machining since the pores would otherwise 
remain filled and unable to perform their ultimate 
function of retaining a special compound that reduces 
the work function of the cathode, thus making the 
electron emission process more efficient.  The entire 
infiltration process may prolong the manufacture of 
cathode by several weeks, and is also rather costly [1].  
Consequently, the primary goal of using cryogenics to 
machine porous tungsten is to eliminate the infiltration 
process [5].  The surface integrity parameter of surface 
porosity is affected by a multitude of variables such as 
the cutting tool geometry, tool material, machining 
parameters and precooling conditions [6, 7].  Previous 
studies have been conducted to determine the most 
efficient tool material and to optimize cutting 
parameters [1, 2, 5, 7].  Unfortunately, most of the 
data from these endeavors is not relevant to the actual 
dispenser cathode manufacturing process since porous 
tungsten densities in excess of 85% were used [2].  
Such dense samples do not possess an interconnected 
ligament structure since pores are mostly isolated 
above 82% density [3]. 
The goal of this specific work is to demonstrate a 
justification for the use of cryogenic machining of 
porous tungsten based on the mechanical properties of 
this body-centered-cubic (BCC) refractory metal.  
Previous studies referred to the high strength and 
hardness, as well as the ductile/brittle transition of 
porous tungsten [7].  These properties are not unique 
to porous tungsten [8].  Other BCC metals such as 
Chromium and Molybdenum feature similar 
mechanical behavior [9]. Tungsten’s high 
ductile/brittle transition of approximately 500K 
(227 C) leads to high brittleness at both room and 
elevated temperatures [10]. Therefore, unwanted 
fracture often occurs when machining tungsten 
workpieces.  Porous tungsten is even more brittle than 
dense tungsten due to the increase in stress intensity 
within the pores [11].  For a circular defect, the stress 
intensity factor is 3, which essentially implies that any 
applied load is tripled at specific points inside of a 
pore.  This effect makes failure/fracture even more 
likely.  Nevertheless, freezing tungsten to remain 
below its ductile/brittle transition temperature during 
machining has indeed shown the feasibility for 
machining via controlled brittle fracture [12].  This 
novel approach has allowed for a 260% increase in 
surface porosity over the current industry standard.  
These results were obtained using CCGW3251 PCD 
tool inserts, which have a rake angle of zero.  The 
current study was conducted using CNGA432 TN60 
cermet inserts, which feature a negative rake angle.  
Because negative rake inserts generally have a more 
stable cutting edge when compared to positive rake 
tooling, tool-wear was expected to be lower with the 
current tools. Moreover, cermet is a considerably 
cheaper tool material than PCD.  Therefore, even a 
single machined surface per cutting edge of a cermet 
tool would make this tool material more economically 
efficient than PCD.  Cutting forces are higher with 
negative rake angles, yet with the objective of 
machining via controlled fracture, this effect may be 
beneficial.  More specifically, machining porous 
tungsten at lower temperatures, i.e., higher material 
strength, requires higher forces/pressure to achieve 
fracture.   
 
2. Experimental Procedure 
 
     All samples were machined using a HAAS TL2 
CNC lathe.  Cryogenic cooling was applied via an Air 
Products ICEFLY system.  As-sintered 81% dense 
porous tungsten bars were machined down to a 
diameter of 15mm.  During each experiment, a 
specific amount of precooling was applied while the 
sample was rotating at 100 rpm. The flow rate of 
liquid nitrogen was 0.5 l/min. Machining was 
performed by face turning each sample at constant 
surface speed of 15 m/min and a constant feed of 
.0254 mm/rev.  Depth of cut was varied from 0.025 
mm to 0.229 mm to properly simulate a finishing 
operation.  The cutting time of 54 seconds was 
constant for all samples and only one facing operation 
was performed per cutting edge.  Following 
precooling and machining, samples were parted off 3 
mm thick.  Porosity analysis was performed using the 
commercial software Image-Pro for evaluation of 
SEM micrographs obtained from a Hitachi S4300 
SEM.  Three images were collected at 10%, 50%, and 
90% of the radius of each sample, respectively.  
Porosity values considered for analysis were taken as 
the average of these various images.  Samples which 
exhibited an inconsistent distribution of porosity 
across the machined surface were excluded to ensure 
the relevance of the presented data. 
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3. Results and Discussion 
 
3.1 Overview of Experimental Results 
     The central observation of the cryogenic pre-
cooling experiments performed for this study was that 
increased pre-cooling times led to a more uniform 
porosity profile across the finishing depth-of-cut range 
for porous tungsten (0.025 mm to 0.229 mm).  Less 
pre-cooling was unable to prevent the smearing of 
pores at increased depth of cut, while more pre-
cooling eliminated the problem of smearing to a large 
degree. Moreover, the highest porosity value was 
shifted to a larger depth of cut with increased pre-
cooling time.  As we will explain later, this effect may 
be explained by the mechanism of chip formation, 
which enabled larger porous tungsten chips to absorb 
the heat and forces generated during machining better 
than thinner chips, assuming the work piece has been 
cooled sufficiently.  The porosity data obtained for 
60s, 120s and 180s of cryogenic pre-cooling can be 
found in figure 1. 
 
 Fig. 1. The effects of cryogenic pre-cooling and depth of cut on the 
as-machined surface porosity in 81% dense porous tungsten. 
Acceptability cut-off for dispenser c athodes is shown at 30 pores 
per standard area. (vc = 15m/min, f = 0.0254mm/rev)  
The strain-rate dependence of tungsten follows a 
typical trend for BCC metals.  The strain-rate 
sensitivity is defined as follows: 
where F is the flow stress of a material and  is the 
strain-rate. In general, m describes the ability of a 
material to resist plastic deformation [9].  High strain-
rate sensitivity indicates a higher potential for severe 
plastic deformation.  For BCC metals, the maximum 
strain-rate sensitivity occurs near the brittle/ductile 
transition temperature (BDTT) [10]. Consequently, 
porous tungsten will tend to exhibit more smearing 
(i.e., severe plastic deformation) at this temperature 
range.  Above the transition temperature, the increased 
ductility of tungsten will always lead to smearing.  It 
follows that in order to achieve a porous surface from 
machining of porous tungsten, the cutting process has 
to occur below the BDTT.  Nevertheless, 
indiscriminate cooling will not necessarily yield better 
results.  This effect is due to the large increase in the 
yield stress of tungsten at lower temperatures.  In fact, 
the yield stress of polycrystalline tungsten may 
increase by as much as 200% between room 
temperature (298K) and liquid nitrogen’s temperature 
(77K) [13].  The higher strength of porous tungsten at 
low temperatures causes a large increase in tool-wear, 
which in turn prevents the formation of a porous 
surface [5].   
The optimum temperature for machining porous 
tungsten with an objective of maximum surface 
porosity is therefore as close to the BDTT as possible, 
yet far enough below that same temperature region to 
avoid the high strain-rate sensitivity.  Moreover, less 
pre-cooling (60 s) revealed an obvious effect of depth 
of cut on as-machined surface porosity.  This is due to 
fact that limited pre-cooling is unable to avoid 
exceeding the BDTT during machining.  Measuring 
the cutting temperature as well as the as-pre-cooled 
temperatures will be the subject of further study.  In 
Figure 2 representative micrographs of the two 
common surface morphologies, namely ductile 
deformation (a), and brittle machining (b). 
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Fig. 2. SEM micrographs of pre-cooled porous tungsten samples 
showing porous surfaces from shear cutting at ap = 0.076 mm and 
60 s pre-cooling (a), controlled fracture machining at ap = 0.126 
mm and 120 s pre-cooling (b) and a slightly smeared, yet highly 
porous surface at ap = 0.178 mm and 180 s of cryogenic pre-
cooling. 
At lower pre-cooling times, increasing the depth 
of cut resulted in a reduction of surface porosity, 
particularly at 60 s of pre-cooling.  This suggests that 
the workpiece temperature has a crucial effect on the 
attainable porosity.  A larger depth of cut will increase 
the heat generated during machining, which in turn 
alters the cutting mode towards the ductile regime.  
Increased pre-cooling reduces this effect since the 
bulk of the workpiece has been sufficiently cooled to 
act as a heat sink for the heat generated during 
machining.  In this manner it is possible to take a 
larger depth of cut without increasing the cutting 
temperature above the ductile/brittle transition 
temperature, thus, preventing unwanted smearing 
(severe plastic deformation). 
 
3.2 Differences in the deformation mechanisms as a 
result of the duration of cryogenic pre-cooling 
The manner in which porous tungsten is machined 
varies with both depth of cut and the amount applied 
cryogenic pre-cooling.  At very low depths of cut, 
generally less than 0.10 mm, the edge ploughing effect 
dominates and smearing is inevitable. Too much heat 
is generated due to rubbing of the cutting edge and the 
large cutting edge radius to depth of cut ratio 
(approximately 1/10).  The most porous surface 
obtained with 60 s of pre-cooling, an example of 
which can be found in Figure 2(a), shows some 
evidence of plastic deformation yet a sufficient 
amount of surface pores still remain open.  At 120 s of 
cryogenic pre-cooling, the most porous surface is 
obtained via controlled micro-fracture machining with 
only very little plastic deformation (see Figure 2(b)). 
Due to the increased strength of tungsten at lower 
temperatures, the surfaces obtained after 180 s of pre-
cooling showed clear evidence of smearing due to 
increased tool-wear.  Nevertheless, the micrograph in 
Figure 2 (c) also illustrates the large number of surface 
pores that remain open when machining following 180 
s of pre-cooling. Consequently, the increased strength 
of tungsten prevents the collapse of adjacent pores.  
The result is a uniformly smooth (Ra ~ 1 m) surface.  
Both the rough fractured machined surface obtained at 
120 s of pre-cooling and the slightly smeared smooth 
surface from 180 s of pre-cooling feature a large 
amount of open surface pores. The functional 
performance of these two kinds of surfaces will have 
to be determined in further studies.  
 
3.2 Correlation between chip morphology and as-
machined surface porosity 
In general, there are two categories of chips that 
are generated when machining porous tungsten.  Just 
as there are shear and fracture machined surfaces, 
there are fracture-machining (FM) and shear-
machining (SM) chips.  The central difference 
between these two categories is the nature in which 
the chip is generated, namely brittle fracture vs. 
severed plastic deformation (shear). FM chips feature 
have little to no visible evidence of plastic 
deformation and are porous in nature.  There are two 
kinds of FM chips, ones that are large in size and 
small chips.  Large FM chips are a result of sufficient 
pre-cooling along with depth-of-cut higher than 0.076 
mm.  Representative example for both SM and FM 
chips can be found in figure 3. 
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ig. 3. SEM micrographs of the three different types of chips 
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Fig. 4. SEM micrograph showing the three distinct zones of a large 
Based on the shape and size of the large SM chip, 
it is
 surfaces in Figure 2 
corr
hined surface 
obta
 
F
generated during porous tungsten machining, namely: large fractur
chip (a), small fracture chips (b), small sheared chip (c) and large 
sheared chip (d). 
 
esponds to a pre-cooling time of 120 s.  Wh
fracture machining is achieved at very low depth of
cut, generally below 0.05 mm, small FM are the resu
(see Figure 3 (b)).  Because of the significant edge 
ploughing effect at such shallow cuts, the more 
common chip shape under these conditions is sho
in Figure 3 (c), which provides an example of a small 
SM chip.  In order to avoid smearing the porous 
tungsten surface, a low finishing depth of cut, lon
pre-cooling times are necessary.  The chips in Figure 3 
(b) were obtained at both 120 s and 180 s of pre-
cooling, yet not at 60 s, where the small SM chip i
Figure 3 (c) was generated.  Large SM chips are the 
most common, and have several unique features.  As 
can be seen in Figure 3 (d), the large SM chip consists
of several different “zones”, as figure 4 illustrates: 
 
shear-machined chip from porous tungsten: undeformed surface (a), 
collapsed pores/platelets (b) and severely deformed bottom surface 
(c). 
 possible to deduce the manner in which porous 
tungsten is deformed during cryogenic machining.  
Rather than a completely solid chip, cryogenic shear-
machining of porous tungsten produces a layered 
structure.  The cleaved/machined surface of both, the 
chip and the workpiece, are subject to severe plastic 
deformation in only a very thin, approximately 10 m 
deep layer (zone (c) in Figure 4).  This region absorbs 
most of the heat generated during machining, since the 
pores in the undeformed chip and workpiece 
significantly impede the movement of both phonons 
(lattice vibrations) and electrons.  Because heat does 
not move quickly through porous tungsten, it is 
difficult to achieve sufficient pre-cooling, yet easy to 
contain the heat generated at the cutting edge.  The 
second zone, pictured in Figure 4 Part (b) has been 
significantly deformed along the cutting direction.  
Essentially all of the ligaments in this zone, which 
comprises approximately 80% of the final chip 
thickness, have been collapsed into disc-shaped 
platelets. The total width of the chip is reduced by 
more than 25% during this process.  In this way, most 
of the cutting force is absorbed and converted to 
uniaxially to compress the porous tungsten ligaments.  
The third and final zone, shown as part (a) in Figure 4, 
is the undeformed surface of the chip.  Since Zones (b) 
and (c) absorb essentially all of the kinetic and thermal 
energy of the machining process, Zone (a) remains 
mostly unaffected. 
Each of the porous
esponds to a particular type of chip.  More 
specifically, the shear-machined surface in Figure 2 
(a) yielded the chip shape shown in Figure 3 (c), the 
small SM chip.  Both the chip and the workpiece show 
evidence of severe plastic deformation, which 
suggests that 60 s of pre-cooling is insufficient to cool 
the sample below the ductile to brittle transition 
temperature of tungsten.  The heat generated at the 
cutting edge of the tool along, with the relatively 
warm workpiece, allows for the plastic deformation of 
ligaments into a nearly solid top layer.   
Figure 2 (b) shows a fracture mac
ined after 120 s of cryogenic pre-cooling.  The 
corresponding chips are shown in Figure 3 (b).  With 
the sample sufficiently cooled to achieve brittle 
fracture, small groups of fractured ligaments comprise 
the chips. Little to no evidence of smearing or similar 
plastic deformation can be observed, suggesting that 
almost all of the cutting force has been used to fracture 
the chips, leaving a highly porous surface.  Achieving 
this condition is rather difficult, and generally the 
sample surface will feature some isolated regions were 
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 highly porous 
shea
. Conclusions and Future Work 
We have observed the effect of different 
cryo
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